Deoxyribonucleic acid (DNA) from ultraviolet (UV)-irradiated 4X174 sediments in alkali at rates up to 1.7 times that of unirradiated OX174 DNA and is observed as a condensed, cross-linked structure when examined in the electron microscope by the formamide spreading technique. This structure appears to result from multiple cross-links induced in the tightly coiled DNA contained within the spherical q5X174 capsid. In contrast, the DNA extracted after UV irradiation of the filamentous bacteriophage M13 is not strikingly altered in its sedimentation properties and appears by electron microscopy to be rod-shaped as a result of sideto-side association of the circular DNA. The differences in these UV-induced structures reflect the differences in the packaging of the single-stranded DNA in the two virions.
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Bacteriophages 4X174 and M13 both contain circular single-stranded deoxyribonucleic acid (DNA) of approximately 2 X 106 molecular weight. The packaging of these nucleic acid molecules must be fundamentally different, however. The DNA of 4X174 is contained within a spherical virion, whereas that of M13 is contained within a filamentous virion. Two models have been proposed for the structure of the filamentous viruses. On the basis of electron microscopy and X-ray diffraction analysis, Marvin (7) proposed a model in which the DNA is encoated with protein and then formed into a rod-shaped particle such as would result from pulling the encoated DNA ring taut and twisting it from opposite sides of the ring. Bradley, on the other hand, proposed a structure in which the viral coat forms a single cylinder containing the DNA in a central core (1, 2) .
In the hope that we might distinguish between the two models, we have attempted to cross-link M13 DNA by ultraviolet (UV) irradiation of the virion. DNA-DNA cross-linking might be more likely to occur in a structure like that of Bradley than in the one proposed by Marvin. For comparison, we also have investigated the cross-linking of the DNA in X174, a virion in which the single-stranded DNA would likely I Present address: The Salk Institute, San Diego, Calif. 92112.
have abundant DNA-DNA contact that would permit cross-linking of distant parts of the molecule.
MATERIALS AND METHODS
Bacteriophages. OX am3, a lysis-defective mutant of OX174 used for all experiments described here, and M13 wild type were grown and assayed as described previously (5, 9) . Preparation of radioactively labeled phages has also been described earlier for OX am3 (5) and M13 (4 Collection was from the bottom of the tube in 45 i 2 fractions of 5 drops each. A sample of each fraction was spotted onto Whatman no. 3 filter paper discs, dried, and counted for radioactivity as described previously (5) .
Electron microscopy. DNA samples were prepared for electron microscopy by the formamide spreading technique (12) as described by Davis, Simon, and Davidson (3) . Specimens were examined in a Phillips 200 electron microscope at 60 kv.
RESULTS
When DNA from UV-irradiated OX was extracted with phenol after SDS and Pronase treatment and analyzed by alkaline sucrose gradient sedimentation, the result shown in Fig. 1 was obtained. A considerable amount of DNA sedimented faster than the added marker DNA from unirradiated phage. An experiment similar to that shown in Fig. 1 with XX labeled both in its DNA (32P) and its protein (3H) failed to demonstrate any protein label in the region of the alkaline gradient containing the fast sedimenting DNA (the experimental conditions were such that 0.2% of the protein label of the phage preparation could have been detected).
To eliminate asy extraneous differences between preparations, 4X (32P-labeled) and M13 (3H-labeled) were mixed in a 1:1 ratio on the basis of PFU, and the DNA was extracted prior to (Fig. 2a under neutral and alkaline conditions (Fig. 3) . The slight differences in sedimentation rates of the unirradiated samples (Fig. 2a, b ) reflect the differences in molecular weight between the DNA species of qX174 and M13 (1.7 X 106 and 2.0 X 10' daltons, respectively). The relative sedimentation rate of irradiated 4X DNA is dramatically increased in the alkaline gradient ( Fig. 2d and 3b) , and some broadening of the band and increase in sedimentation rate is apparent even in a neutral gradient (Fig. 2c and   3a) . The incomplete unfolding of OX DNA in alkali after irradiation was best documented in the alkaline gradient shown in Fig. 1 In contrast, the sedimentation rate in alkali of DNA from irradiated M13 is only 1.04 times that of the DNA from unirradiated M13. In neutral gradients, the DNA from irradiated M13 appears to sediment slower than the unirradiated DNA by approximately 4% (Fig. 3c) .
The most likely interpretation for the increased sedimentation rate of OX DNA after UV irradiation of the whole virus is that crosslinking of the DNA had occurred, preventing the complete unfolding of the single-stranded circle at alkaline pH. This would reduce the radius of gyration and increase the sedimentation rate of the DNA. Fractions of DNA from four regions of the gradient in Fig. 1 were pooled separately as indicated and examined by electron microscopy in the presence of formamide (Fig.  4) . Whereas the molecules cosedimenting with the unirradiated marker DNA spread out largely as single circles (Fig. 4a) , the faster sedimenting fractions (Fig. 4b-d) show increasing number of molecules in which distant regions of a circle lie in contact, giving rise to structures with one or more loops. This appearance is clearly different from the simple overlapping occasionally observed (Fig. 4a) and suggests the existence of cross-links in OX DNA after UV irradiation. Figure 5 shows electron micrographs of DNA extracted from M13 bacteriophage before (Fig.  5a ) and after UV irradiation (Fig. 5b) and prepared under the same conditions as the OX DNA shown in Fig. 4 . The circular DNA from irradiated M13 phage particles appears to be cross-linked side-to-side at a small number of points. These structures are clearly different from those observed for the DNA from irradiated qX.
To assess the biological significance of the cross-linking seen in OX DNA, we have measured the kinetics of formation of the cross-linked form by alkaline velocity sedimentation and compared them with the kinetics of inactivation of the phage plaque-forming ability (Table 1) 
